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Despite remaining apparently frozen 
through the millennia, the genetic 

code is far more flexible than previously 
believed and can be extended and repur-
posed with relative ease.

Despite the fact that there are more 
than 100 amino acids observed in nature, 
only 20 are encoded by the canonical 
genetic code of 61 sense codons and 3 stop 
codons. Because sense codons outnumber 
their encoded amino acids by a ratio of 
3:1, the genetic code is redundant; with 
most amino acids coded for by more than 
one codon.1 This degeneracy is well docu-
mented, with certain organisms having 
evolved preferences for specific codon-
amino acid combinations.2 However, 
despite this inherent flexibility, our natu-
ral amino acid repertoire represents less 
than 20% that which exists in nature; 
leading Francis Crick to suggest that the 
code is a “frozen accident.”3 However, 
several hot papers have emerged in recent 
years which have led to a significant thaw 
in this concept of a “frozen” code.

In one of the earliest successful 
attempts to extend or rewrite the code, 
Sakamoto and colleagues undertook 
a process of genetic recoding4; forcing 
specific codons to code for alternative 
or nonstandard amino acids (NSAAs). 
Sakamoto’s team converted the TAG stop 
codon in 7 essential Escherichia coli genes 
to TAA; eliminated release factor 1 (RF1; 
which terminates translation at UAA and 
UAG) and supplied a tRNA that inserts 
a glutamine when it encounters UAG. 
Following proof of concept, with a canon-
ical amino acid, the team repeated the 
experiment reassigning TAG to the NSAA 

iodotyrosine. Despite the experiment 
being a success, with all 7 targeted genes 
terminating properly, all the remaining 
genes ending in TAG failed to terminate 
correctly in the absence of RF1.

Lajoie et  al.,5 overcame this ‘read 
through’ limitation by employing an in 
vivo genome-editing approach6; replacing 
all 321 instances of TAG (the rarest codon 
in the E. coli strain tested) with TAA. The 
resulting organism described as a genomi-
cally recoded organism (GRO), represents 
a new class of genetically modified organ-
ism (GMO) and a potentially impor-
tant platform for novel drug production. 
Indeed, in support of the application of 
GROs as industrial protein production 
systems, Lajoie et  al.,5 successfully reas-
signed TAG to a prephosphorlyated ser-
ine – a modification found on serines 
of the recombinant human growth hor-
mone.7 Furthermore, the GRO exhibited 
increased resistance to T7 bacteriophage; 
a highly desirable trait in large scale indus-
trial processes which are otherwise sus-
ceptible to phage attack.8 This observed 
phage resistance prompted the authors to 
suggest that genetic recoding may lead to 
viral protein mistranslation.

In a second paper in the same issue 
of Science, Lajoie et  al.,9 investigated the 
effect of recoding sense codons; removing 
all instances of 13 rare codons from 42 
highly expressed essential genes (includ-
ing all 41 essential ribosomal protein-
coding genes and prfB) across 80 E. coli 
strains. Despite several genome design 
constraints, growth defects, and the fact 
that replacement of synonymous codons 
occasionally did not produce the same 
effects as the native codon; genome-wide 
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reassignment of sense codons was at least 
shown to be possible.

In addition to these laboratory based 
recoding successes, we are beginning to 
see more and more variation in the genetic 
code of natural organisms.10 Indeed, a 
recent large scale analysis of stop codon 
reassignments in the wild revealed far 
higher recoding rates than previously 
imagined.11 Investigating > 1,700 envi-
ronmental samples (including 750 sam-
ples from 17 human body sites), Ivanova 
et al.,11 scanned ~5.6 trillion bp of metage-
nomic data for stop codon reassignment. 
Contrary to the previously held belief that 
natural recoding is rare; the authors report 
a total of 198 Mb of recoded DNA data. 
Interestingly, the human body despite 
accounting for only 10% of DNA present 
represented 51% of all codon reassign-
ments. Furthermore, distinct patterns of 
stop codon reassignment were observed in 
all 3 domains of life, with bacteria showing 
only opal reassignments, while extensive 
opal and amber reassignments occurred in 
phages. The observed high rate of recod-
ing among phage suggests that, contrary 
to the findings of Lajoie et al.,5,9 phages are 
not obliged to adapt to the codon usage of 
their hosts, but rather exploit differences 
in codon usage to manipulate their hosts.

While genetic recoding or rewriting is 
still restricted by our existing dependency 
on the 4 natural nucleotides A, T, G, and 
C; an alternative approach to extend-
ing or revising the code involves the use 
of unnatural base pairs (UBPs), allowing 
us to incorporate up to 152 additional 
non-canonical amino acids. Over the past 
15 y, Romesberg and colleagues at the 
Scripps Research Institute, having synthe-
sized and tested more than 300 artificial 
nucleotides, developed a class of UBPs, 
exemplified by d5SICS-dNaM (abbrevi-
ated as X and Y), formed between nucleo-
tides bearing hydrophobic nucleobases.12 
Romesberg’s group recently proved that it 
is possible to stably incorporate X and Y 
into the DNA of actively growing E. coli, 
creating the first organism to stably prop-
agate an expanded genetic alphabet.13 It is 
hoped that this expanded DNA alphabet 
will help to build an expanded transla-
tional alphabet; encoding more and more 
NSAAs, ultimately enabling the synthesis 
of new and improved proteins.

In addition to being rewritten and 
revised, perhaps the most innovative use 
of the genetic code in recent times is its 
deliberate repurposing as a high capacity 
storage medium. With a theoretical stor-
age potential of 455 exabytes per gram 
ssDNA,14 it is estimated that all of the 
world’s projected 40 ZB of data could be 
stored in just ~90 g of DNA.15 Some of the 
earliest attempts to use DNA as a workable 
canvas for archival purposes include Joe 
Davis’ Microvenus; a 35 bit coded visual 
icon representing the external female 
genitalia.16 More recently, construction 
of JCVI-syn1.0, the first bacterial cell to 
contain a completely synthetic genome, 
employed “watermarks” to distinguish 
the synthetic genome from native DNA. 
These 7,920 bit watermarks contain a web 
address, the names of the paper’s authors 
and some memorable quotations.17

Large scale data storage in DNA was 
first achieved by Church and colleagues14 
who described the conversion of html-
coded data to DNA code using a 1 bit 
per base encoding (A,C = 0; T,G = 1); 
allowing the conversion of Church’s book 
Regenesis (including 53,426 words, 11 JPG 
images and 1 JavaScript program) into 
DNA sequence. In an effort to reduce 
error and facilitate up-scaling, Goldman 
et  al.18., described a modified strategy 
achieving a storage density of ~2.2 PB/g 
DNA (Equivalent to ~468,000 DVDs). 
This modified approach first converts 
the original file type to binary code (0, 1) 
which is then converted to a ternary code 
(0, 1, 2) and in turn to the triplet DNA 
code. Replacing each trit with 1 of the 3 
nucleotides different from the preceding 
one (i.e. A, T, or C, if the preceding one 
is G) ensures that no homopolymers are 
generated – significantly reducing high 
throughput sequencing errors.19 Based on 
a fixed string length (data and indexing) 
of 117 nt, Goldman et al.18., suggest that 
DNA-based storage currently remains 
feasible even at several orders of mag-
nitude greater than current global data 
volumes. This, combined with the likely 
expectation of significantly longer string 
synthesis as the technology progresses,20 
virtually future proofs DNA as a viable 
big data storage medium.21 Furthermore, 
while the above strategies focus on main-
taining DNA in vitro, we have previously 

postulated that in vivo storage may also be 
a viable and perhaps even more desirable 
option.22

Therefore, despite remaining appar-
ently frozen through the millennia, 
advances like those described above, have 
revealed a code that is far more flexible 
than we could previously have hoped to 
believe; a code which we can extend and 
repurpose with relative ease. While it is 
difficult to predict future directions in 
this particular field of synthetic biology,23 
it is clear that several exciting possibili-
ties exist. One prospect is the synthesis 
of completely novel species; designed and 
synthesized using the principles described 
previously,17,24 yet potentially running 
multiple genetic codes concurrently. Such 
hybrid constructs can be thought of as 
analogous to a computer running mul-
tiple operating systems in parallel; each 
designed for a specific purpose. The native 
code (consisting of A, T G, and C) would 
run normal cellular processes, required for 
growth and reproduction, while the paral-
lel synthetic code (incorporating X and Y) 
would allow the cell to act as a micro-fac-
tory, producing new proteins with novel 
applications in industry and medicine. 
Finally, the third partitioned code might 
contain the manufacturer’s instructions, 
or user’s manual, digitally encoded in the 
DNA.
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